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13.  ARSTRACT  (M»Mimum200wonH) 

The  purpose  of  the  research  was  to  e^qrkxe  the  rmcroscopic  mechanians  that  d^mnine  interfiice 
parameters  in  semiconductor  h^erqjunctions  and  develr^  new  methods  to  tune  such  interface 
param^os.  We  fotmd  that  while  in  most  isovalent  het^unctions  die  interface  parameters  are 
primarily  depradent  on  the  propoties  of  die  bulk  semiconductor  constiturats,  in  heterovalent 
hetetojunctions  wiA  pcto  orimtation  the  interface  parameters  can  be  controlled  my  modifying  the 
local  interface  aivironmrat  Changes  in  die  relative  abundance  of  the  different  elemental 
constituaits  at  die  interfiice,  for  examine,  produced  unprecedoited  changes  in  the  band  alignment 
across  die  interface.  Even  in  isovalent  he^juncticms,  we  succeeded  in  modifying  the  band  off»ts 
throi^  fabrication  of  dun  hderovaloit  int^ace  layers  widiin  the  intnface  r^on.  The  resulting 
^stmn  of  ine^dvaleat,  n^rtral  heterovalent  interfaces  can  be  used  to  control  die  band  aligninent 
aooss  die  overall  structure.  Among  the  systmns  of  interest  for  which  we  have  obtained 
urqxecedcantedmodificatioos  of  the  interface  param^m,  we  mention  AlAs/GaAs,  CdTe/GaAs,  and 
ZnSe/GaAs  hetaostnxfares,  all  of  which  have  important  apfdkations  in  optoelectronic  devices 
ratting  from  lasers  to  li|^t  emitting  diodes  and  idiotodetectors. 
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FINAL  REPORT 


A.  Statement  of  the  problem  studied 

Semiconductor  heterojunctions  are  fundamental  conqwnents  of  most  modem  solid 
state  dectrmiic  and  optoelectronic  devices.  Giaractoistic  interface  panunetm  of 
semiconductCMr  heterojunctkms  include  the  oompoation  profile,  the  valoice  and 
conduction  band  discontinuity  and  die  positkm  of  the  Fermi  level  at  the  interface. 
Such  parameters  ccmtrol  caniei'  injection  and  confinanent  in  devices  ranging  from 
MOSFETs  and  MESFETs,  to  lasers  and  li^ht  emitting  diod^.  The  g^  of  our 
program  was  to  diaracterize  heterojunction  parameters  for  a  number  of 
semiconductor  heterostructures,  and  control  the  offsets  by  means  of  dipole  layers 
created  at  the  interfi^^e  during  growth.  We  focused  of  a  numbo-  of  compound 
semictmductcx’  heterostructures  relevant  to  optodectronic  tedindt^,  including 
AlAs/GaAs,  CdTe/GaAs  and  ZnSe/GaAs,  aU  fabricated  by  mdecular  beam  ^t^ 
(MBE)  and  characterized  in-situ  by  electron  diffraction  and  photoemission 
spectrosctyy  (XPS)  techniques,  and  ex-situ  by  transmission  dectron  microscopy 
(TEM)  and  x-ray  diffractkxL 


B.  Summary  of  the  most  important  results 

» 

Theoretical  calculations  and  our  expoimenta'  studies  generally  indicate  that  vriiile 
for  isovalent  hderojunctions,  sudi  as  n-Vyn-VI  (HgfTe-CdTe)  and  m-VM-V 
(AlAs-GaAs)  systeim,  the  band  offsets  depend  mainly  <mi  the  bulk  properties  of  the 
two  semicoochictors  comprising  the  junction,  at  polar  interfoces  between 
heterovaient  semiconductors  (such  as  ZhSe-OaAs  or  Si-GaAs)  the  offsets  also 
depend  stron^v  on  tiie  microscopic  detail  of  tiie  interface.  This  makes  this  class  of 
interfoces  an  idsal  candidate  for  miaosoopic  tuning  of  heterojunction  parameters. 


AlGaAs/GaAs  helerqjunctions,  vriiidi  are  audal  elements  of  MODFETs, 
MESFETs  as  wdl  as  infira^  lasers,  bekn^  to  tiie  class  of  isovaloit 
heterojunctions,  i.e.  heterqjunctions  in  which  tiie  bmd  offsd  should  not  depend  on 
the  local  inlerfooe  environment  However,  we  succeded  in  modifying  tiie  band 
offsds  through  fobricatkm  of  tiiin  Si  or  interface  layers  in  the  interuKS  r^on. 
Tins'  transfixms  the  iso^dent  helerostructure  in  a  ^stem  containiiffi  two 
heterovaient  -  Le.  tunable  -  intofaces.  Our  esqiaimental  results  for  AlAs-Si- 
GaAs(100)  and  GaAs-Si-AlAs(100)  heterostnicturm  have  cpnsistmitiy  shown  that 
Si  laym  |rown  in  the  interface  r^ons  of  MAs-G^  heterostructures  give  rise  to 
a  loi^  dipde  of  to  0.38eV.  lyending  on  the  growtii  sequoice  and  Si 
(xmcentration,  the  t^le  can  be  exploited  to  continuoudy  tune  the  valence  band 
offset  in  tiie  0.Q2-0.7wV  range.  The  observed  dqxile  is  consistrait  in  sign  and  order  _ 
of  magnitude  with  that  expected  horn  an  extrapdation  of  the  tiieoretical  predictions,  -r 
but  tte  Si  coverage  depadence  of  the  dipole  is  maricedly  different  horn  that 
expected  <ni  the  bads  of  the  same  analysis. 


For  lattioe-matdied  Ge  layers  within  AlAs-GaAs  heterostructures,  our  results 

diowed  that  a  Ge-induoed  local  dipctie  can  be  added  to,  or  subtracted  from  Ae  - 

natural  band  off^  depending  on  me  growtii  sequence  to  tune  the  band  off^ 

throi^hout  tile  (M).82eV  range.  Conpansonofrewts  for  the  lattice-matched  AlAs- - 

Ge-ChiAs  Systran  witii  our  r^ts  for  AlAs-Si-GaAs,  shows  qualitative  similarities  I 
but  inqiortBnt  quantitative  differences.  If  one  defines  for  sim^dty  tiie  total  dipde 
as  tiie  modification  of  tiie  band  offrets  resulting  from  the  presraice  of  ti»  group  IV  ^ 


Dist 


Mvail  and/or 
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layn,  and  the  ^lecific  dipc^e  as  the  off!»t  modification  per  group  IV  atom,  then  Ge 
emUts  a  maximum  total  dip(^  identi<^  within  expoimratal  uncertainty,  to  that  of 
Si  (0.4eV),  but  a  specific  dipde  about  three  times  as  large  as  that  of  Si. 

Such  trrods  challen^  premt  theoretical  models  of  intoface  dipde  ftxmation.  In  a 
simile  aixl  stimulamng  picture,  recent  calculations  predict  that  abnqrt  group  IV 
bilayers  at  AlAs-GaAs  hetox>junctions  wtHild  be  umfonnly  distribute  over  two 
consecutive  atomic  layen  at  all  coveia^  to  ensure  local  diarge  neutrality  and  give 
rise  to  a  maximum  toW  dipole  of  1.3eV  for  Ge  and  1.4eV  for  Si,  at  a  coverage  of 
two  mon6hiyers.  We  obwved,  instead,  an  identical  maximum  dipole  of  about 
0.4eV  at  coverages  of  0. 15  and  O.SNa^  reflectively,  for  Ge  and  Si.  This  value  of 
die  maximum  dipcde  is  compellingly  similar  to  diat  observed  by  McKinley  at  al. 
during  studies  of  As-Ga  and  Ga-As  intoftce  double  layers  in  Ge-Ge 
homcgunctions.  Band  offsets  of  0.35^.45eV  and  opposite  sign  for  "Ga-first” 
vmus  "  As-first*  growth  sequences  were  reported  by  the^  auduvs. 

The  existence  of  a  maximum  interfile  dipcrfe  of  identical  magnitude  fix*  AlAs-Ge- 
GaAs,  GaAs-Ge-AlAs,  Ge-GaAs^,  G^AsGa-Ge,  AlAs-Si-GaAs  and  GaAs-Si- 
AlAs,  with  quite  differ^  interfiux  layer  thicknesses,  represents  the  most  stringent 
oiteiion  tooite  fix  the  validity  of  dieoietical  modeb  of  mter&ce  dipt^e  formanon. 
Many  of  die  mechamsms  that  one  can  devise  to  eiq]^  the  local  dq»le  saturation 
(stram  induced  inter&ce  chraiical  rou^n^  andsite  defect  fixmamon,  IHloping 
effects,  transition  fiom  cation  to  anion  initiatni  m-V  overlayer  gtowdi.  Si  or  Ge 
diermally  activated  Affusion,  etc.)  M  to  meet  this  test  We  luve  proposed  that  die 
answer  may  come  fiom  new  models  inccxpoiating  cation  or  anion  swaps  across  the 
mterfiax  to  counteract  die  effect  a  crit^  gioiqi  rV-iriduoed  interfece  dectrostadc 
field,  that  reaches  values  of  2-3xlO'^V/cm  at  maxinnmi  Apole  fix'  ail  of  the 
heterostructures  examined. 

fiiAvidual  isAated  Ge/m-V  and  m-V/Ge  interfeces,  that  cannot  be  clamed,  woe 
also  fmdiesized  bv  growirm  the  desired  ovcdma  on  suitably  thick  buffo  layers. 
The  band  ofifos  or  such  inmvidual  isAaded  IV/m-V  interfeces  exhibited  substantial 
deviations  fiom  the  commutativity  rule.  Using  die  measured  valence  band  offsets 
fix  intfividual  neutral  interfeces  to  estimate  the  bdiavior  of  m-V/lVfin-V  structures, 
we  obtained  deviations  fiom  the  transitivity  rule  in  good  agreement  with  our  direct 
measurements.  We  dierefiaie  concluded  dud  the  obsorved  changes  in  band  offsets  in 
m-VAV/m-V  structures,  dat  can  be  interpreted  as  deviations  fiom  the  transitivity 
rule,  are  due  to  die  esfeblishment  of  inequivalent  neutral  IV/m-V  interfiu»s  radio: 
than  to  the  presence  of  charged  interfii^  Cexnparison  with  the  results  of  first 
piiricii^  calculations  iricoqxxating  diffooit  types  of  j^t  defects  suggest  that  the 
formation  of  andsite  defied  durum  Ge  grov^  oa  £D-V  substrates  and  a  mixed 
Ge/As  interface  during  m-V  growm  on  Gs  are  some  of  the  possible  mechanisms 
that  may  lead  to  neutral  interfi^  exhibitir^  the  observed  offaeti. 

An  odier  in|poitant  result  widi  technological  inqdicatioos  concerned  die  ZnSe-GaAs 
hetenojuncdon  tystem.  The  wide  band  gap  of  ZnSe  makes  it  a  promising  material 
fix  oploelecttonic  device  technAoey  in  me  tdue  r^ion  of  die  vismle  roectruiiL  Very 
recottly  pulsed  operadon  at  77K  vnth  20%  quantum  efficioicy  of  a  blue-green  laser 
compiisM  of  a  ZnSe-CdZnSe-ZnSe  quan^  well  structure  grown  by  MBE  on 
CkiAs  has  been  danonstrated.  The  large  valence  band  offset  fo^  fix  znSe-GaAs 
hetenguocdoim,  however,  hmdors  hcM  injection  fiom  GaAs  substrates  into  ZnSe 
qiitaxial  layers. 


High  reaolutkMi  synchrotron  radiation  photoemission  studies  of  the  valence  band 
discontinuity  for  ZnSe/GaAs(l  10)  heterojunctions  indicated  that  the  natural 
(unmodified)  valence  band  of^t  was  1.  IQtO.QSeV.  The  effect  of  ultrathin  Ge 
interfiice  la^  on  the  band  offsets  as  determined  by  XPS  was  to  decrease 
monotoniamy  the  ZnSe-GaAs  valence  band  offiet  with  increasing  Ge  coverage  in 
the  0.3-6ML  range.  While  Ge  and  Si  interface  layers  are  known  to  give  rise  to  local 
dij^es  in  m-V/m-V  heterojunctions  and  homqjunctions,  this  was  the  first 
evidence  of  a  groq)  IV-induced  dipole  at  an  hetraovalent  heteiojunction  (Il-VI/in- 
V).  The  denaidmce  of  die  magniti^  of  the  dipc^  on  interfiace  layer  thickness  was 
maricedly  mfferent  fimn  that  observed  Ah'  AlAa-Si-GaAs  and  AlAs-Ge-GaAs,  and 
suggests  that  die  cone^xmdng  microscopic  mechanisms  may  be  difierrat 

For  Zi^GaAs  interfaces  with  (001)  orientation,  first  piwciples  calculations 
suggest  that  a  1-eV  wide  range  of  band  offs^  might  be  achieved  by  varying  die 
local  atomic  configuration  at  the  interface.  Esqieriniaitally  we  found  diat  the  ^i/Se 
beam  pressure  rano  (BHt)  employed  in  the  early  stage  of  MBE  fidirication  of  die 
hemiMtnicture  determines  the  local  composition  of  the  interfiace.  High  BPR's 
{Hoduce  a  Zn-rich  interfece  cmiiposition,  while  low  BPR's  yield  a  Se~rich  interfiu:e 
compoadon.  The  mccess  Zn  or  &  at  the  interfiace  is  of  the  order  of  one  monolayer, 
and  lEM  studies  suggest  that  it  may  occu^w  substitutional  positions  without  the 
formation  ctf  a  second  phase  with  structure  dinermt  than  ZnSe.  Qir  photoemission 
studies  of  the  band  ofraets  indicated  that  valence  band  offsets  as  low  as  0.6eV  can 
be  achieved  at  die  interfiux  for  Se-rich  compositioos,  while  valence  band  offs^  as 
hi^  as  1.2eV  can  be  obtained  far  Zn^ch  ccmpositions.  Such  a  wide  r^e  of 
tumdnlity  of  the  interfisce  parameters  ccxild  be  eroloited  to  substantially  increase 
hde  cdlection  efficiacy  in  blue  LEDs  and  lasers. 

The  CdTe-GaAs  heteiojunction  is  the  initial  building  block  of  many  mercuiy- 
cadmium-telludde  based  inficaied  devices.  It  is  probably  the  most  studi^  n-Vl/ni- 
V  semiconductor  hetoosbncture,  but  suipnsingly  litde  direct  expedmoital 
infiofination  was  available  on  het^unction  paianie^  prior  to  our  sbidies.  We 
conducted  the  first  in-situ  idiotomnission  investigation  of  the  CdTe-GaAs(110) 
heteiojunction,  which  was  ah»  the  first  stwfy  of  the  temperature  dependoice  of  the 
CdTeGaAs  v^mce  band  offset,  and  the  first  demonstration  that  a  synchrotron 
radiation  induced  saturation  (diotovdtage  can  be  used  to  measure  heteiojunction 
parameters  in  ideal,  fiat-band  con<fitions.  We  found  for  CkfTe-GaAsfl  10)  a  valence 
band  offret  AE^^.21i0.05eV,  and  dierefiore  a  conduction  bwd  offret 
AE(^.07±0.05eV,  and  no  detectable  into^ffosion  across  die  intofoce  (ideally 
almqit  conqxisition  profile)  at  romn  temperature. 

An  e^iecially  exdting  methodological  result  of  our  study  was  the  experimental 
evid»^  that  coding  the  saiiqiles  at  3SK  under  i^hrotion  radiation  illumination 
yields  flat  band  conditions.  This  is  the  result  of  the  low  temperature  surfiice 
jdiolovdtage  efifoct  theoretically  analyzed  by  Hecht  and  co-worioos.  The 
inechanismiiivdvesdectron-hde  pairs  excited  by  the  radiation  which  are  sqiaiated 
by  die  built-in  fidd  at  a  surface  or  interfoce.  The  result^  idiotovoltage  is  oihanced 
at  lofw  tenqnatiBe  due  to  the  increased  junction  resistance,  so  diat  a  saturation 
idKMovdtage  can  be  obtained  to  induce  flat  band  conditions.  We  used  this  effect  to 
greatly  sin^hfy  the  measurement  of  hetraqjunction  parameters. 

For  die  CdTe/GaAs  heterojunctions  we  also  examined  the  effect  of  inteifiKe 
orientation  and  strain  on  die  band  off^  by  fabricating  monociystalline  CdTe 
oveilayenwith  (111)  and  ((X)l)  (mentation  on  GaAs((X)l)  substrates.  CdTe(001)- 


GaAs(001)  heterostnjctuies  woe  found  to  be  folly  relaxed  even  at  the  lowest 
oveilayer  thicknesses  explored  through  the  fonnation  of  a  misfit  dislocation 
network.  Coireroondins^y,  the  valence  band  maximum  in  the  C(fTe(001)  ovolayer 
was  found  0.07-0.09ev  below  tfoit  of  GaAs(001).  In  CdTe(lll)-Ga^OOl) 
heterostructures,  the  residual  strain  appeared  gnuhially  acctxnniodated  within  a 
200A-diick  CdTe  laya  near  die  intofoce.  The  average  position  of  the  valence  band 
maximum  in  CdTe(l  1 1)  was  0.09-0. 1  leV  ctove  that  of  GaAs(001)  at  the  interfoce. 
We  found  that  the  difSaaice  in  ralence  baiKl  discontinuity  for  the  two  interfaces  is 
qualitatively  consistent  widi  that  expected  6om  the  effect  of  the  r^dual  strain  (xi 
me  valoice  band  maximum  of  CdT^l  1 1). 
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